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Chapter 5   PIV Measurement 
Up to the present stage, the flow around the rotating circular cylinder has been studied by 
flow visualization and hot-film anemometry method. While flow visualization gives 
qualitative information of the flow behaviour around the cylinder, hot-film anemometry is 
used to measure the flow velocity at discrete locations. The above two methods give a 
general understanding of the flow structure around the rotating cylinder. However, to 
obtain a more in depth understanding of the flow, quantitative information of the whole 
flow field will be highly desirable. In the present chapter, the flow structure around the 
rotating circular cylinder will be investigated by using the Particle Image Velocimetry 
(PIV) method. 
In the present chapter, PIV measurement is carried out at Reynolds number (Re) of 110, 
206, 334, 541 and 1067 and speed ratio () in the range of 0 to 5. The flow structure 
around the rotating cylinder will be studied in two parts: the streamwise (in x-y plane) 
and the spanwise (in a plane parallel to the x-z plane) structure of the flow.  
In the first part, PIV measurement is carried out in a cross section plane of the cylinder at 
the cylinder’s mid span (of the immersed part). The vortex shedding process is 
investigated by studying the vorticity contours and streamline patterns in the surrounding 
field of the cylinder surface and in the wake of the cylinder. The characteristics of the 
vortex street (Strouhal number (St), vortex spacing ratio and velocity fluctuation profile 
in the wake of the cylinder) are estimated based on the plots of vorticity contours and 
streamline patterns. These parameters will be compared at different Re and  to study the 
effect of the two flow parameters on the vortex street. Besides, the behaviour of the flow 
at high speed ratio will be studied in greater detail by examining at PIV results in the 
close surrounding field of the cylinder surface. The results presented in this chapter is for 
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a left to right flow past an anti-clockwise rotating cylinder as shown in the below figure 
(same as Figure 4.1 in Chapter 4). 
 
Figure 5.1 Definition sketch of flow past a rotating circular cylinder. 
 
Figure 5.2 Definition sketch of spanwise PIV plane position. 
In the second part, spatial structure of the flow field is investigated by PIV measurement 
in a plane parallel to the cylinder centre axis and at a distance of 1mm (0.56D from centre) 
from the cylinder (as shown in Figure 5.2(b) above). Mode A and mode B instability are 
identified based on the three-dimensional instability (for non-rotating circular cylinder) 
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and α are presented and analysed to study the effect of the cylinder rotation on the 
spanwise vortex structure of the cylinder. 
It is hoped that the results obtained will help researchers to gain better understanding of 
the flow structure around the rotating circular cylinder, which has been an important issue 
of many studies over a long period of time. 
5.1 Stationary cylinder 
5.1.1 Flow structure in the surrounding of the cylinder surface 
a. Time-averaged velocity profile 
The statistical data at different Reynolds numbers (110, 206, 334, 541 and 1067) were 
obtained by PIV measurement based on the time average of around 334-400 sets of 
sequential data (which cover more than thirty vortex shedding cycles). The velocity 
magnitude is non-dimensionalised by the free-stream velocity, and the time-averaged 
velocity vectors in the whole flow field of 8.5D by 8.5D around the cylinder are shown in 
Figure 5.3. The colour map and colour bar show the magnitude of the normalized velocity 
vectors. As shown in the plots, the expected symmetry of the mean velocity profiles with 
respect to the flow field centre axis (an axis parallel to free-stream flow) is observed 
which shows that a sufficient number of data set has been used for averaging. 
In Figure 5.3, although the magnitude of the non-dimensional mean velocity varies 
almost within the same range of magnitude (0-1.3 as shown in the colour bars of Figure 
5.3), a slightly lower range of magnitude and a visible difference in the size of the mean 
wake region can be observed in the velocity profile plot at Re = 110 when compared to 
the other cases. It can be seen at Re = 206, the wake region is smaller than that at Re = 
110, but is slightly bigger than that for Re = 334. On the other hand, for Re  334 where 
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the flow is in the 3D regime, the mean wake region elongates with increasing Reynolds 
number. Based on the category of different flow regimes reported in Williamson (1996) 
(see section 2.1.1), the flow at Re = 110 is considered to be in laminar vortex shedding 
regime, the flow at Re = 206 is in the 3D wake-transition regime and the flow at Re of 
334, 541, 1067 are in 3D regime.  
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Figure 5.3 Time-averaged velocity profile (Uave/U) for stationary cylinder at Reynolds 
number of a) 110; b) 206; c) 334; d) 541; and e) 1067. 
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Figure 5.5) shows that along the cylinder’s wake centerline, the streamwise velocity 
(uave/U) increases rapidly  downstream up to a distance of around 4D from the cylinder 
centre (with a gradient of around 38% for Re > 110, as shown in the trend-line’s gradient 
in  
Figure 5.5) and the increase slows down there after. For the Re = 110 case, uave/U 
increases up to 6D downstream of the cylinder centre before slowing down. The above 
can also be observed in the green colour region of the time-averaged velocity profile 
shown in Figure 5.3. At Re = 110, the wake (green region) still develops at x/D > 6, 
whereas for Re  206, the wake stops widening at x/D > 4.5. The 2D computation from 
Griffin (1995) of the mean velocity along the wake centerline at Re = 200 is also shown 
in Figure 5.5. Griffin’s Uave/U data show a trend similar to the present Uave/U data, but 
both the sharp rise and leveling off of the referenced Uave/U take place at smaller x/D 
(sharp rise starts from 0.8D and leveling off starts from 2.5D downstream of the cylinder 
centre) compared to that of the current data (sharp rise and leveling off starts at around 
1.8D and 3.8D downstream, respectively). If the data of Griffin (1995) is shifted 1D along 
the x/D axis, the referenced computational results will agree well with the present 
experiment’s results. The gradients (within the rapid increasing region) of the streamwise 
velocity at Re of 206, 334, 541 and 1067 are almost the same at around 32%. After 
leveling off at around 2.5D, the data of Griffin (1995) seems to match with the present 
data at Re = 206. It seems that the mean velocity profile at Re = 206 of the present result 
within the mean wake region (the blue color region in the color map shown in Figure 5.3 
b) which length is around 2.5D) is quite different from that at Re = 200 in the 
computation of Griffin (1995). However, beyond this mean wake region, the results of 
both present experiment and Griffin’s computation start to agree with each other. 
Chapter 5   PIV measurement 
105 
 
Figure 5.4 Time-averaged streamwise velocity profile along the centreline of stationary 
cylinder. 
 
Figure 5.5 Time-averaged velocity magnitude profile along the centreline of stationary 
cylinder. 
The time-averaged cross-flow velocity at x = 3.4D (Figure 5.6) varies along the 
cross flow direction in an anti-symmetric manner which is expected as the cylinder wake 
is symmetrical with respect to the cylinder centreline. The peak value of the cross-flow 
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velocity increases with increasing Re. This shows that within the wake region of the 
cylinder, the Reynolds number has a strong effect on the maximum cross-flow velocity 
component.  
 
Figure 5.6 Time-averaged cross-flow velocity profile of stationary cylinder wake at x = 
3.4D downstream of the cylinder. 
b. Vorticity contour and streamline patterns 
In Figure 5.7 a) to e), the time-averaged vorticity contour plot and streamline patterns 
are symmetrical with respect to the cylinder’s centreline as expected for the case of flow 
past a stationary cylinder. Consistent with the average velocity contour discussed in the 
previous section, here it is noted that the recirculation region (seen in the streamline 
patterns) at Re=110 is bigger than that at Re=206, and it elongates with increasing Re. 
The two opposite sign vortices are growing in strength and the vorticity region is also 
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elongated with increasing Re for Re > 206. This trend was also observed through flow 
visualization at Re = 141, 296 and 592 and was discussed in section 4.1.1. 
To the author’s best of knowledge, there is no report on this trend of “wake time-
averaged recirculation region elongates with Re” in the open literature. Gerrard (1966) 
suggested the increase in the formation region length with increasing turbulence level, but 
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Figure 5.7 Vorticity contour and streamline plots of a stationary cylinder at a) Re = 110, 
b) Re = 206, c) Re = 334, d) Re = 541 and e) Re = 1067. 
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e) Re = 1067, α = 0.
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Based on the time series data of the PIV measurement, the vortex shedding frequency  
(f) is estimated by measuring the time between two consecutive vortices from the PIV 
vorticity contour images at an arbitrarily fixed “reference” position (one shedding cycle). 
The vortex shedding frequency is calculated by averaging around 20 (for Re = 110) to 50 




DfSt . .  Figure 5.8 below shows that Strouhal number increases gradually with 
increasing Reynold numbers.  The comparison in Figure 5.9 shows a rather good 
agreement between the current PIV results with the experimental data reported in 
Williamson (1992) as well as the author’s earlier hot-film measurement data. The 
Strouhal number at Re = 160 falls into the mode A regime in the plot, while Strouhal 
number data drops to the transition regime at Re = 206 and continues to mode B regime 
for Re = 334. The value of St at Re = 334 observed from PIV is slightly lower than the St 
value obtained from hot-film measurement at around Re = 340. The difference is 
generated from error during the counting of vortex shedding cycles based on 















Figure 5.8 Strouhal number (from PIV data) versus Reynolds number for flow past a 
stationary cylinder. 
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Figure 5.9 Comparison of the current PIV St-Re data with the author earlier hot-film 
measurement and the data reported in Williamson (1992). 
The current St-Re data as shown in Figure 5.10 also follow quite well the universal 
St-Re relationship curve published in Fey et al. (1998) and Williamson et al.(1998) (for 
3D regime Re > 180). The current PIV data do not fall onto the 2D universal St-Re curve 
reported by Williamson et al. (1998), which is reasonable as the flow in the present 
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Figure 5.10 Strouhal number versus Reynolds number for stationary cylinder, in 
comparison with hot-film measurement and universal St-Re relation reported in the 
literature. 
Hot film measurement 
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The agreement among the present PIV data and literature data gives some indication 
of the accuracy of the present experiment.  
5.1.2 Flow structure in the spanwise direction of the stationary 
cylinder 
As described in Figure 5.2, PIV measurement is carried out in a plane parallel to both 
cylinder axis and free stream velocity. The data is captured in a 10.9D by 11D area of 
view. In all the spanwise PIV data presented here, the cylinder axis is at a distance of 
1.2D from the left edge of the figures. The spanwise vorticity contours at some instances 
of time at Re = 206, 334, 541 and 1067 are shown in Figure 5.12. By averaging over a 
number of instantaneous plots of vorticity contour (around 10 plots), the spanwise 
wavelength of the three dimensional instability are estimated and shown in the Table 5.1 
below. Mode A instability occurs at Re = 206 which has a spanwise instability 
wavelength of around 4.1D. Mode B is observed for Re = 334, 541 and 1067 which has a 
spanwise instability wavelength of around 1.24D, 1.25D and 1.51D, respectively. Under 
the current experimental conditions, mode B instability wavelength is around 1.24-1.51D 
and the wavelength slightly increases with increasing Re. 
Re 206 334 541 1067 
Wavelength 4.1 D 1.24 D 1.25 D 1.51 D 
Table 5.1 Spanwise instability wavelengths for stationary cylinder. 
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Figure 5.11 Spanwise instability wavelength in comparison with literature (regenerated 
from Williamson(1996)). 
It can be seen that the current PIV data at Re = 206, 334 and 541 agree quite well 
with those reported in literature (Figure 5.11). 
When the flow is in mode A or mode B regime, with increasing Re, the centres of 
those streamwise vortices appear to form a line that is inclined to the cylinder axis (as 
indicated by the dotted line seen in Figure 5.12). This phenomenon of inclined vortex 
shedding is likely to be caused by difference in the end conditions of the present cylinder. 
In the present experiment, the cylinder end conditions are different; at one end the 
cylinder pierces through the free water surface, whereas at the other end the cylinder 
terminates at the bottom of the water channel test section. In the current range of Re from 
206 to 1067, within the captured view area, the inclination of the spanwise vortex cores 
was observed to be always 9o or less.  
Current PIV data 
/D 
Re 
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In the literature there are a number of studies that report on the oblique shedding mode of 
the stationary cylinder. Various methods to manipulate inclined vortex shedding had been 
suggested. They all include the manipulation of the cylinder end conditions. A summary 
of four of the methods is reported in Williamson (1996). In the next section on flow past a 
rotating cylinder, the author will study how the rotation of the cylinder can affect this 
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Figure 5.12 Spanwise vorticity contour for stationary cylinder at a) Re = 206, b) Re = 
334, c) Re = 541 and d) Re = 1067. 
 
5.2 Rotating cylinder 
In the previous section, the PIV measurement for flow past a stationary circular 
cylinder was discussed. As studies on flow past a stationary cylinder have been widely 
reported in the literature, the most important purpose of the previous section is to 
compare the current PIV measurement data with literature to confirm the accuracy of the 
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reported data shows that the present experimental setup and methodology are capable of 
accurate results. This will help to assure the quality of the following data for flow past a 
rotating circular cylinder, which unlike flow past a stationary cylinder, had been much 
less reported, especially experimental investigation. 
The flow structure around the cylinder will also be studied in two directions: 
streamwise direction (in the cross-sectional plane, the x-y plane) and spanwise direction 
(in the spanwise plane parallel to cylinder axis, a plane parallel to the x-z plane). The flow 
structure in the surrounding of the cylinder surface (in the cross-sectional plane) will be 
studied by analysing the vorticity contour and streamline patterns at different Re and . 
As reported in the literature, vortex shedding disappears at a sufficient high speed ratio . 
The flow structure will therefore be analysed in two categories: low  region where 
vortex shedding still exists and high  region where vortex shedding disappears. Besides, 
some parameters that quantifies the flow structure will also be estimated and presented. 
The spanwise flow structure will also be shown in the last part to study how mode A and 
mode B flow instabilities are affected by the cylinder rotation. 
The result will be presented for Reynolds numbers of 110, 206, 334, 541 and 1067 
(same as the stationary cylinder case) for streamwise flow structure and Reynolds 
numbers of 206, 334, 541 and 1067 for spanwise flow structure, and speed ratio in the 
range of 0 to 5. 
 5.2.1 Flow structure in the surrounding region of the cylinder 
surface 
a. Time-averaged flow structure at low speed ratio 
Figure 5.13 shows the movement (indicated by arrow) of the time-averaged 
positive vortex core when  increases at different Re. The centre of the cylinder is at the 
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origin of coordinates in the plot. The position of the vortex core (x/D, y/D) with respect to 
the cylinder centre is approximately estimated by measuring the distance of the centre of 
the vorticity region in the streamline pattern contours to the centre of the cylinder. It 
seems that the counter clockwise vortex moves closer to the cylinder surface at higher 
speed ratio. It can be said that, in the close region around the cylinder surface,  is the 
more important flow parameter and the Reynolds number does not show a significant 
effect on the vortex structure. 
 
Figure 5.13 Movement of positive vortex core with increasing  (when  increases from 
1 to 2 then to 2.5). 
The well known von Kármán vortex street was observed at  below 3, the negative 
clockwise vortex and positive counter-clockwise vortex are shed alternatively 
downstream. With increasing Reynolds number, the shed vortices are elongated (observed 
when all vorticity contours at different Re are plotted in the same scale of vorticity 
strength), and the wake is slightly “straightened”. 
The rotation of the cylinder has a strong effect on both the inclination and the width of 
the cylinder wake. With increasing , the cylinder wake becomes narrower and is 
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the Figure 5.14 to Figure 5.18 below. When α increases, both the top and bottom flow 
separation positions appear to move in the same direction of the cylinder rotation 
(counter-clockwise in the current study), with the bottom separation position (the side 
where the cylinder surface moves in the same direction of the free stream) showing more 
significant movement. When  increases, the streamwise velocity at the lower part of the 
cylinder becomes increasingly higher than the streamwise velocity at the upper part of the 
cylinder (can be observed in the time-averaged velocity profiles for Re = 110 shown in 
Figure 5.19). The above may result in the fast movement of the bottom flow separation 
position. At the same time, the overall streamline patterns are increasingly deflected 
toward the cylinder’s rotation direction. With increasing , the cylinder’s rotation adds 
more asymmetry in the pair of opposite sign vortices, and the counter-clockwise vortices 
(red colour, which rotate in the same direction as the cylinder rotation) become more 
dominant when compared to the clockwise vortices (blue colour).  
At Re = 110 (Figure 5.14), the two opposite sign vortices seem to be more 
“concentrated” in the immediate vicinity of the cylinder surface at higher . The counter-
clockwise vortex (red colour) covers up more of the cylinder surface, while the clockwise 
vortex (blue colour) covers less with increasing . This process of domination of the 
positive vorticity region gradually happens when  increases. For higher Reynolds 
numbers of 206, 334, 541, 1067 as shown in Figure 5.15, Figure 5.16,  
Figure 5.17, Figure 5.18 respectively, the dominance of the positive counter-
clockwise vortex also happens gradually with increasing . At these higher Reynolds 
numbers, with increasing Re, the free stream flow seems to have a “larger” effect on the 
vortex structure around the cylinder by delaying the movement of the bottom separation. 
However, the effect of Re does not show significant effect on the “process of dominance” 
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of the positive vortex on the cylinder surface when the vorticity contour and streamline 
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Figure 5.14 Vorticity contour and streamline plots at Re = 110, a)  = 0.5, b)  = 1, c)  
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Figure 5.15 Vorticity contour and streamline plots at Re = 206 a) α = 1, b) α = 1.5, c) α = 
2, d) α = 2.5 and e) α = 3. 
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Figure 5.16 Vorticity contour and streamline plots at Re = 334 a)  = 0, b)  = 0.5, c)  = 
1, d)  = 1.5, e)  = 2, f)  = 2.5, and g)  = 3. 
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Figure 5.17 Vorticity contour and streamline plots at Re = 541 a)  = 0, b)  = 1, c)  = 2, 
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Figure 5.18 Vorticity contour and streamline plots at Re = 1067 a)  = 0, b)  = 1, c)  = 
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Figure 5.19 Time-averaged streamwise velocity profile at Re = 110 and a)  = 0.5, b)  = 
1, c)  = 2 and d)  = 2.5. 
b)  = 1 a) =0.5 
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Vortex shedding process analysis 
The instantaneous vorticity contours and streamline patterns during one cycle of 
vortex shedding (T) are shown in Figure 5.22 (a)-(i) for Re = 206 and  = 1. The 
variations of streamwise velocity and cross-stream velocity at position x = 2D, y = 2D are 
shown in Figure 5.20 and Figure 5.21, respectively. This position is chosen for showing 
the instantaneous velocity variation because it is the position at which the upper side 
vortex is formed and later shed from the cylinder (Figure 5.22 (a)). Besides, due to the 
deflection of the cylinder wake when the cylinder rotates, this position is always within 
the cylinder wake when the vortex shedding continues for this case of Re = 206,  = 1.  
In Figure 5.22 (a), at the first time step (t), the negative (clockwise) vortex starts to 
shed from the cylinder while the positive vortex has already been shed and is out of the 
right (downstream) edge of the view area. The streamwise velocity is negative (going 
upstream) while cross-stream velocity is positive at this time (at t in Figure 5.20 and 
Figure 5.21), showing a tendency of moving the vortex core upwards and upstream 
(towards the cylinder). 
In Figure 5.22 (b), the positive vortex is shed out of the captured view. At the 
same time, the negative vortex grows in size and moves downstream while shifting 
towards the cylinder rotation. The vortex core and the saddle point also move downstream 
and in the positive y direction.  
The negative vortex continues to move downstream in Figure 5.22 (c) and a new 
circulating region is about to form in the lower side of the cylinder. The new circulating 
region becomes clearer in Figure 5.22 (d), showing that a new positive vortex together 
with a new saddle point is generated. Both streamwise velocity and cross-flow velocity 
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reach their maximum magnitude indicating that maximum flow kinetic energy is achieved 
at this position when the vortex is formed. 
In Figure 5.22 (e), the newly generated positive vortex grows and moves 
downstream while the previous negative vortex reaches the right edge of the view. This 
positive vortex draws part of the previously shed flow towards the upper side of the 
cylinder. After one more time step (at t = t+6T/9), the previously formed negative vortex 
is out of the view area. At the same time, the new positive vortex cut off the drawn flow 
as mentioned previously to become a new negative vortex formed right on the top side of 
the cylinder surface in Figure 5.22 (f). The velocity at (2D, 2D) also increases and its sign 
shows an increase in the upstream and upward movement of the flow.  
In Figure 5.22 (g), the newly generated negative vortex grows in strength and shed 
downstream as shown in Figure 5.22 (h). The velocity reaches its maximum magnitude. 
The flow velocity (at position (2D, 2D)) begins to decrease when the flow forms a new 
vortex and a new cycle of vortex shedding starts.  
An interesting observation is that the vortex formation mechanism seems to differ 
on the upper and lower side of the cylinder. At the lower side, the positive vortex is 
formed through the growth of a recirculating region, similar to normal formation process 
in stationary cylinder. However, at the upper side, the negative vortex is formed by 
interaction of shed positive vortex with the shear layer as it is being drawn much closer to 
the shear layer by the rotation of the cylinder. 
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Figure 5.20 Time series of streamwise velocity (u/U) at x=2D, y=2D in one cycle. 
 
 
Figure 5.21 Time series of cross stream velocity (v/U) at x=2D, y=2D in one cycle. 
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Figure 5.22 Instantaneous vorticity contour and streamline pattern in 1 cycle at Re=206, 
=1. (continued in next page) 
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Figure 5.22 Instantaneous vorticity contour and streamline pattern in 1 cycle at Re=206, 
=1. (continued in next page). 
 
(f)  t + 6T/9 
(e)  t + 5T/9 
(d)  t + 3T/9 
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Figure 5.22 Instantaneous vorticity contour and streamline pattern in 1 cycle at Re=206, 
=1. 
b. Time-averaged flow structure at high speed ratio 
In the previous section, the author discussed about the vortex shedding and the 
dominance of the counter clockwise positive vortex when speed ratio increases. Another 
(g)  t+7T/9  
(h)  t + 8T/9 
(i)  t + T 
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important issue that has been reported in the literature is the disappearance of Kárman 
Vortex Street when the speed ratio of the cylinder exceeds a critical value (Chew et al. 
(1995), Jaminet and Van Atta (1969), Ling and Shih (1999), Mittal and Kumar (2003), 
Stojkovic et al. (2002)). In the present section, when  is sufficiently high (>3), no 
vortex shedding is observed within the captured area. Due to the experimental conditions 
(steady flow), PIV measurement is carried out at discrete Re and  magnitudes. As a 
result, a very accurate critical value of  could not be determined, but it is believed to be 
in the range of 2.5 to 3, and varies slightly with Re. 
The series of Figure 5.23 to Figure 5.27 shows the time-averaged vorticity 
contours and streamline patterns at Re = 110, 206, 334, 541 and 1067 respectively in the 
 range of 3 to 5.5. At these high ’s, a closed streamline is formed around the cylinder. 
This closed streamline is elongated toward the cylinder rotation direction, exhibiting 
some sort of “tear drop” or “egg” shape. The flow separation point positions which 
converged at lower α appeared to have moved away from the cylinder surface and into the 
flow field. This finding was also reported at Re = 1000 in Chew et al. (1995), and at Re = 
100 in Stojkovic et al. (2002). The merging of the two separation points (onto a point 
called the saddle point, as described in Stojkovic et al. (2002)) on the cylinder surface and 
its subsequent lifting away from the cylinder surface as α increases is also reported in 
potential flow past a rotating circular cylinder. Although the present study is for real 
(viscous) flow, the above similarity suggests that at very high speed ratio, the cylinder’s 
rotation dominates over the viscous effects in the flow, despite the fairly moderate 
magnitude of the flow Reynolds number. 
At low  (as discussed in previous section), the dominance of positive vortex 
grows gradually with increasing . At high , when  increases, the positive vorticity 
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region grows to nearly enclose the entire cylinder, while the negative vorticity region 
diminishes and almost disappears from the cylinder surface. This positive vorticity region 
close to the cylinder surface appears to get larger with increasing α, consistent with the 
increase in size of the closed streamline. The high vorticity region around the cylinder 
surface (red colour region in the vorticity contour plots) seems less dominant at higher Re 
when cases at the same speed ratio were compared. Studying the streamline pattern plots 
at the same value α with increasing Re, it is observed that the merged separation points 
show a less significant movement away from the cylinder surface. Although the Reynolds 
number does not show a strong effect in the vicinity of the cylinder at high α, the free 
stream flow affects the separation by moving the separation point against the tendency of 
the cylinder rotation. 
In the streamline plots (from Figure 5.23 to Figure 5.27), there is some dis-joint 
area between the left (upstream) edge of the figure and the left (upstream) side of the 
cylinder (as marked within the shaded rectangle in Figure 5.24 i). This is because the 
camera is offset to the right (downstream) side of the cylinder. The flow area between the 
left (upstream) edge of the camera view and the cylinder’s upstream side is blocked by 
part of the cylinder (from the end of the cylinder closest to the camera to mid-span of the 
cylinder). Therefore, this area is blank region in the captured image, resulting in a small 
dis-joint area. The streamline plots in Figure 5.25 (h), (i), and (k) also show some “un-
smooth” streamline area (close to the lower side of the cylinder surface). This is due to 
the error appearing near to the moving cylinder surface.  
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Figure 5.23 Vorticity contour and streamline plots at Re = 110 a) α = 4, b) α = 4.5, c) α = 
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Figure 5.24 Vorticity contour and streamline plots at Re = 206 and a)  = 4, b)  = 4.3, c) 
 = 4.4, d)  = 4.5, e)  = 4.6, f)  = 4.7, g)  = 4.8, h)  = 4.9 and j)  = 5. 
 

















0 1 2 















































































































0 1 2 



















































Figure 5.25 Vorticity contour and streamline plots at Re = 334 and a)  = 3.5, b)  = 3.8, 
c)  = 3.9, d)  = 4.0, e)  = 4.1, f)  = 4.2, g)  = 4.3, h)  = 4.4, i)  = 4.5, j)  = 4.6, 
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Figure 5.26 Vorticity contour and streamline plots at Re = 541 and a)  = 3.5, b)  = 4.0, 
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Figure 5.27 Vorticity contour and streamline plots at Re = 1067 and a)  = 3.0, b)  = 
3.5, c)  = 4.0, and d)  = 4.5. 
The time evolution of the flow streamline pattern in the close region of cylinder 
surface at Re = 334, α = 4.4 are shown in Figure 5.28. Because there is no vortex 
shedding observed at high rotation speed, the instantaneous streamline is plotted at 6 time 
steps within one cycle of the vortex shedding from a stationary cylinder at Re = 334 (no 
regular vortex shedding at α = 4.4). At the first time step t, the saddle point is 
approximately above the cylinder (slightly biased in the downstream direction), at a 
distance of around 0.7D from the cylinder centre. At the next time step t+T/7, the saddle 
point moves a little bit upstream (in the cylinder rotation direction). This movement 
shows the effect of the cylinder rotation in the short period of time T/7. At t+2T/7, the 
saddle point appears to move slightly downstream showing the effect of the free stream 
flow in this second short period of time. At t+3T/7, the saddle point makes a little move 
towards the cylinder rotation direction again. In one more short time period, at t+4T/7, a 
slightly more significant movement of the saddle point is observed towards the cylinder 
rotation. It is now roughly above the cylinder centre and is at a distance of 0.85D from the 
cylinder centre. At the last time step, t+T, the saddle point tends to move back to its 
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The above process is rather similar at different Reynolds numbers. It seems that there 
is always a “competition” between the effect of free stream flow and cylinder rotation on 
the flow structure close to the cylinder surface, resulting in some sort of to and fro 
(upstream and downstream) movement of the saddle point, although it is generally always 
above the cylinder centre.  
Another issue reported in several two-dimensional computational studies (Mittla and 
Kumar (2003), Stojkovic et al. (2002, 2003) and Elakoury et al. (2007)) is the existence 
of the second instability (one-sided vortex shedding at a frequency as low as a tenth of the 
regular vortex shedding frequency). At Re = 200, Mittal and Kumar (2003) reported one-
sided vortex shedding to take place in the range of 4.34 < α < 4.70. On the other hand, 
Stojkovic et al.(2002), reported a second unstable range of 4.8 < α < 5.15 at Re = 100. 
Elakoury et al. (2007) reported the second vortex shedding to be in the range of 4.3 < α < 
4.8, at Re = 300.  
In the current PIV experiment, at Re = 206 and 334, the author also studied the flow more 
closely in the  range of 4 to 4.9 to look out for the second instability regime reported in 
the literature. The camera field of view was also enlarged to 10D x 10D, and the author 
even shifted the camera downstream to cover an area 10D x 10D from a distance of 8D to 
18D downstream of the cylinder (the flow regime where the vortices associated with the 
second instability was reported by the above mentioned authors). Together with the 
existing results for close region around the cylinder (in an area of 3D x 3D), the author 
did not observe any indication of the claimed second instability. Sometimes, a randomly 
appearing vortex is observed downstream in the wake of the cylinder at high α by flow 
visualization (PTFV). The author spent a long time (more than 10 times the duration to 
capture the regular vortex shedding) in order to wait for that vortex to appear again, but 
no regular one-sided vortex shedding could be detected. It might be due to the three 
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dimensional disturbances of the current experimental flow because of the finite cylinder 
length and differences in cylinder end conditions. To the best of the author’s knowledge, 
there is no published three dimensional numerical study to confirm the existence of such 
instability in 3-D flow. Thus it is reasonable to speculate that the second instability is a 
two-dimensional flow phenomenon with evidences gathered so far. 
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Figure 5.28 Time evolution of streamline pattern at Re=334,  = 5 in one cycle (T), 
where T is the period of one cycle of stationary cylinder vortex shedding. 
  
c. Vortex shedding frequency 
t t + T/7
t + 2T/7 t + 3T/7
t + 4T/7 t + T
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Similar to the estimation of vortex shedding frequency in the stationary cylinder 
case, the frequency of vortex shedding for rotating cylinder is also estimated based on 
over 20 cycles of shedding at different Re and . 
The relationship between Strouhal number and Reynolds number is presented in 
Figure 5.29 for different speed ratios. Strouhal number increases with increasing Re. At  
= 0.5, the magnitude of the Strouhal number is quite close to that of a stationary cylinder 
and does not show as much dependence on Re as oppose to the St at higher .  In the 
mode A regime, the St-Re curves show relatively small  dependence. But in the mode B 
regime, St shows strong  dependence and has large magnitude at larger . 
The relationship between Strouhal number and  (Figure 5.30) shows that for   
0.5, St is not sensitive to changes in . For Re = 206 (mode A) and 334 (mode B), St 
changes little in the  range investigated. For other Re investigated, there are fairly large 
changes in St in the  range of 0.5-1. For Re = 160, St shows a sudden drop, whereas St 
shows an increase for Re=541 and 1067. Beyond the  range of 0.5 to 1, the magnitude of 
Strouhal number varies slightly with increasing .  
Although the speed ratio  does not appear to show any significant effect on the 
Strouhal number at Re = 206 and Re = 334, it is noted in Figure 5.31 that at Re = 206 and 
when  increases, the magnitude of Strouhal number tends to increase from the smaller 
magnitude in the lower branch of the St-Re curve to the larger magnitude (upper branch).  
In the next section, the spanwise flow structure at different Re and  will be 
considered to study the effect of the speed ratio on mode A and mode B instability. 
 
Chapter 5   PIV measurement 
153 
 














































Chapter 5   PIV measurement 
154 
 
Figure 5.31 St-Re relationship at different , in comparison with literature. 
 
5.2.2 Flow structure in the spanwise direction of the cylinder 
In this section the vorticity contours are considered in spanwise direction (with 
position of the plane as described in Figure 5.2). The PIV measurement is carried out on 
the side of the cylinder towards which the wake is deflected (Figure 5.2). In all the 
contour plots (Figure 5.36 to Figure 5.39), the cylinder is parallel to the left edge of the 
image and its axis is at a distance of 1D from the image’s left edge, and the flow is from 
left to right. When the cylinder rotates at high speed ( > 4), the cylinder wake will 
always be deflected to one side of the cylinder. Including the cylinder inside the captured 
area of view will help to capture what may happen in the cylinder wake even at very high 
speed ratio although it reduces that part of the cylinder wake (at low ) that is visible. 
Figure 5.32 shows a random plot to illustrate the streamwise view and spanwise view 
of the vorticity contour with the vortices numbered correspondingly. As the vortices shed 
Hot film measurement  =0 
PIV data  =0 
PIV data  =0.5 
PIV data  =1.9 
St 
Williamson (1992)
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downstream of the cylinder have 3-D structure, we can observe the vortices’ z-component 
(z) 1, 2, 3 and 4 in the streamwise view ((x, y) plane, left picture in Figure 5.32) and the 
vortices’ y component (y) 1, 2, 3 and 4 in the spanwise view ((x, z) plane, right picture 
in Figure 5.32).  
Series of figure from Figure 5.36 to Figure 5.39 display the spanwise vorticity contour 
at Re = 206, 334, 541 and 1067 respectively in the speed ratio range of 0 <  < 5.  
 
Figure 5.32 Sketch of streamwise view and spanwise view of the vorticity contour for 
rotating cylinder. 
The spanwise instability wavelength is estimated based on the vorticity contour plots 
at different cases. Figure 5.34 shows the variation of the wavelength with speed ratio at 
different Re. The same figure is separated into two (for two different regime of Re) in 
Figure 5.35 in order to more easily compare the variation among different Re.  
At Re = 206, after a sudden increase in /D when  increases from 0 to 1, the 
spanwise wavelength decreases rapidly from above 4D to below 1.3D. The wavelength at 
Re = 334, 541 and 1067 all vary with  in some sort of sinusoidal manner. The range of  
/D magnitude is mostly within the range of 1 to 1.5D. This is the typical wavelength 
reported for a stationary cylinder in the mode B regime. It seems to suggest that in the 
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in the  range of 0 to 2, the effect of cylinder rotation on /D is not very significant. The 
mode A instability at Re = 206 can only be maintained at low . At   2, this spanwise 
correlation length is shortened to become mode B instability. This observation is contrary 
to intuitive thinking that the rotation of cylinder will impose a uniform spanwise 
boundary condition/disturbance which will improve the spanwise correlation of the shed 
vortices or two dimensionality of the flow. Possible reason for this phenomenon might be 
due to the increasing of effective Reynolds number on the lower side of the anti-
clockwise rotating cylinder (Figure 5.33) where the cylinder rotation generate a local 
velocity in the same direction with the free stream flow. The effective velocity on the 
lower side is therefore higher than the free stream velocity which makes the effective 
Reynolds number on the lower side of the cylinder higher than 206 and in the range of 
mode B instability. 
 
Figure 5.33 Sketch of effective velocity estimated on the upper side and lower side of a 
rotating cylinder. 
U 
Ueffective =  U - Ulocal => Reeffective < Re (= 206) 
Ueffective =  U + Ulocal => Reeffective > Re (= 206) 


























































Figure 5.35 Variation of spanwise instability wavelength with speed ratio at different Re 
(Re  334 in top image and Re  334 in bottom image) regimes. 
 
The spanwise wavelength of 4D at Re = 206,  = 0 and the spanwise wavelength of 
around 1.2D at  = 0, Re = 334 and 541 agrees with literature (Williamson(1996)) for 
flow in the mode A and mode B regime. 
One interesting finding is that even at high speed ratio when the primary vortex 
shedding is no longer observed in the cylinder wake, some regularly spaced streamwise 
vortices can still be observed in the spanwise plane (in Figure 5.36 c) - e), Figure 5.37 c) - 
e), Figure 5.38 c), d) and Figure 5.39 c) – e)). These streamwise vortices are observed in 
the cylinder near-wake, not several D downstream as primary vortices when they were 
shed at low speed ratio. These vortices fall onto a line that is inclined to the cylinder’s 
axis. The wavelength of those streamwise vortices is approximately 1D which is the 
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spanwise wavelength detected when the flow past a stationary cylinder is in mode B 
instability regime.  
In the literature, Williamson (1995) and in Mittal & Balachandar (1995) claim that 
mode A and mode B instability are related to the waviness of the primary vortex (for 
mode A) and an instability that scales on the thickness of vorticity layer lying in the braid 
region of the vortex street (mode B). In the present case, at high speed ratio, the vortex 
street is not detected, so there would be no relation between the primary vortices in 
streamwise x- y plane with the existence of observed vortices in the spanwise direction at 
high speed ratio. There may be a relation between the primary vorticity region (in fact, 
it’s the dominant positive vorticity region that grows with increasing ) with the spanwise 
instability at high speed ratio. This is probable because mode B for a stationary cylinder 
(and probably for rotating cylinder at low speed ratio) is believed to be formed by the 
instability that scales on the thickness of the primary vorticity layer. Besides, in the PIV 
work of Brede et al (1996), mode B instability is claimed to emerge from an instability in 
the separating shear layer in the near wake. At high  in the current experiment, the 
instability that grows inside the positive vorticity region can be associated to the origin of 
this observed “mode B type” instability. 
In comparison to those figures showing the vortex structure in spanwise plane in the 
stationary cylinder case, the spanwise vorticity structure in the rotating cylinder case 
shows that the spanwise in-lined vortices appear more in the upstream part of the image. 
Increasing  also shifts these vortices further towards the upstream part of the viewed 
area. This can be explained in reference to the deflection of the cylinder wake when the 
cylinder is rotated. The higher the , the larger will be the wake deflection, resulting in 
the intersection position between PIV plane and the wake moving further upstream when 
 increases.  
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Different from the stationary case or low speed ratio case where we can sometimes 
observe a streamwise row of 3-4 vortices moving downstream, a streamwise row of 
maximum 2 vortices is observed in the high speed ratio case. This is probably 
consequence of the larger deflection of the cylinder wake at higher .  
For the stationary cylinder case (Figure 5.12), the dislocation of vortex and the 
inclination of the spanwise vortices are quite clear. This can be explained by the 
difference in the two end conditions of the cylinder. But when the cylinder rotates, the 
visibility of that inclination reduces significantly, especially at high speed ratio. This 
seems to show that at high speed ratio, the end conditions of the cylinder (in the present 
case) have less influence on the spanwise vortices. 
 




Figure 5.36 Spanwise vorticity contour at Re = 206 and a)  = 1, b)  = 2, c)  = 3, d)  
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Figure 5.37 Spanwise vorticity contour at Re = 334 and a)  = 1, b)  = 2, c)  = 3, d)  



































0 1 2 3 4 5 6 7 8 9 10 -5 


























0 1 2 3 4 5 6 7 8 9 10 -5 













0 1 2 3 4 5 6 7 8 9 10 -5 
e)Re = 334,  = 5
Chapter 5   PIV measurement 
163 
 
Figure 5.38 Spanwise vorticity contour at Re = 541 and a)  = 1, b)  = 2, c)  = 3 and d) 
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Figure 5.39 Spanwise vorticity contour at Re = 1067 and a)  = 1, b)  = 2, c)  = 3, d)  
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5.3 Concluding remarks 
In this chapter, the effects of rotating a circular cylinder on the vortex structure of the 
cylinder were studied by particle image velocimetry (PIV). The results offer both 
qualitative and quantitative information of the flow.  
The von Kármán vortex street is observed for both stationary and rotating cylinder at 
low speed ratio. Fairly good agreement between current data of Strouhal number and 
reported data in literature for stationary cylinder is achieved. 
Rotating cylinder is investigated for low and high speed ratio. The present results 
show that the rotation of the cylinder has a strong effect on both the inclination and the 
width of the cylinder wake. Generally speaking, when speed ratio increases, both 
separation points move in the cylinder’s rotation direction; the cylinder wake becomes 
narrower and is deflected in the cylinder’s rotation direction. The formation of high 
vorticity region and closed streamline around the cylinder surface previously reported in 
the literature are also observed in the present experiment at high speed ratio, showing the 
strong influence of the cylinder rotation in the near field of the cylinder. The development 
of “egg shape” streamline pattern at high speed ratio is also an interesting finding. 
In addition, some detail studies over a certain speed ratio range at Reynolds number 
of around 200 and 300 was carried out to look out for the 2nd instability reported by some 
in the literature. However, in the present experiment such second instability vortex 
shedding is not observed. The reason might be due to the three dimensionality of the 
current set-up and the possible slight vibration of the cylinder at large . It is noted that 
almost all the work that reported the second instability are 2-D CFD work. The 
experimental work of Yildirim et al. (2007) that reported the second instability only 
captured the vortex shed downstream 3 to 4 times. 
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The flow structure in the spanwise direction was also measured and presented for both 
stationary and rotating cylinder. The results with non-rotating cylinder show mode A and 
mode B instability for different Re regimes, generally in agreement with what are 
reported in the literature. When the cylinder rotates (at Re = 206), the rotation of the 
cylinder appears to reduce the magnitude of Re at which the transition from mode A to 
mode B instability take places. However, further careful measurements are required to 
continue this point. In the present experiment, because the measurements were carried out 
at discrete Reynolds number, the author can not accurately report the magnitude of the 
critical Reynolds number. At high speed ratio when vortex shedding is not detected, mode 
B instability is still observed but with a spanwise instability wavelength (1.25D – 1.5D) 
slightly larger than reported for stationary cylinder (around 1D). The formation of mode 
B instability in this case may originate from the instability that builds up in the vicinity 
region of the cylinder.   
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Chapter 6              Force Measurement 
6.1 Measurement of lift and drag force 
The measurement was carried out at two Reynolds numbers of 1067 and 3800 and 
at speed ratio in the range of 0-6 (Re = 1067) and 0-3 (Re = 3800). The highest speed 
ratio that can be used is 3 due to the limitation of the rotation speed of the stepper motor 
at Re = 3800. The readings from the load cell give the force magnitude in both the x and y 
direction (Figure 6.1). The readings were collected over a duration of more than 50 cycles 
of the vortex shedding at the corresponding Reynolds number. 
 
Figure 6.1 Coordinates and force components on the cylinder. 
The instantaneous values were then averaged to calculate the mean magnitude of the 
forces. The time averaged magnitude of lift and drag force coefficient were calculated 
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6.2 Lift coefficient 
The magnitude of lift and drag coefficient were averaged over a duration of around 
100 cycles of the non-rotating cylinder’s vortex shedding at Re = 1067. The mean lift, 
drag coefficient are shown in Figure 6.2 for Re = 1067 and 3800. 
The results show that at Re = 1067 and 3800, magnitude of the lift coefficient is much 
higher than the magnitude of the drag coefficient at the same value of Re and . The lift 
coefficient at Re = 1067 is also higher than that at Re = 3800 at the same value of  < 3 
( XFigure 6.2X). This trend agrees with numerical results reported in literature (Re = 100 
(Stojkovic (2003)), Re = 200 (Mittal&Kumar (2003)), Re = 3800 (Tokumaru& Dimotakis 
(1993))) for  < 3 which show that lift coefficient is higher at lower Re but at the same  










,  in which  F: Lift or drag force measured by the load cell
     = 1000 kg/m3: water density 
    U : free stream flow velocity 
    S = D. H : projection area of the cylinder 
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Figure 6.2 Lift and drag coefficient at different speed ratio for Re = 1067, 3800. 
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Figure 6.3 Lift coefficient at different speed ratio in the range of 0-6 for Re = 1067, 3800, 
compared with literature. 
The current lift coefficient magnitude does not agree quantitatively with those 
reported in the literature. However, it should be noted that all the reported data are from a 
2D numerical computation while the current data is from experimental measurement of a 
real 3D flow. The difference in the fundamental flow may be the reason for a lack in 
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quantitative agreement. The lack of spanwise coherence of the flow structure in the 
present experiment may result in a CL that is smaller than those in 2D computation. 
From Figure 6.3, it is also noted that the lift coefficients of both Stojkovic (2003) at 
Re = 100 and Mittal&Kumar (2003) at Re = 200 are above the Prandtl’s limiting CL of 4 
at  > 4. The current experimental lift coefficient at Re = 1067 also exceeds 4 at  > 4. 
The current data show that the lift coefficient increases rapidly with increasing speed ratio 
when  < 3.8 and keeps increasing beyond the Prandtl’s limiting CL (= 4) when   3.8 
at Re = 1067. This finding agrees with the trend seen in Mittal&Kumar (2003) and 
Stojkovic (2003) mentioned above (Figure 6.3). However, unlike Mittal & Kumar (2003) 
and Stojkovic (2003), the current data also show that the rate of increase of lift coefficient 
with  when   3.8 has reduced, which share some resemblance to the results reported 
in Chew et al. (1995) and Tokumaru&Dimotakis (1993) at high speed ratio (Figure 6.3). 
Quantitatively speaking, the present Re = 1067 data only agree reasonably well with 
Chew et al. (1995)’s data (Re = 1000) up to   2.5. Beyond   2.5, the present data 
continue to increase with  whereas Chew et al. (1995)’s data show a reduction in d
dCL . 
Chew et al. (1995)’s data is from a 2D computation, while the current data is 
experimental which is 3D results. The end effects and the nature of the experiment cause 
the difference between current lift coefficient and Chew et al. (1995)’s data, especially at 
high rotation speed ( > 2.5) when the three dimensional structure of the surrounding 
flow is affected highly by the cylinder rotation. On the other hand, the present Re = 3800 
data agree somewhat better with Tokumaru&Dimotakis (1993) data at the same Re upto 
 = 3, the maximum  that the present experimental setup can reach at Re = 3800. 
Although both the current data and the data from Tokumaru&Dimotakis (1993) at Re = 
3800 are experimental results, the current data are from a direct measurement of lift force 
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on the cylinder while Tokumaru&Dimotakis (1993)’s lift coefficient is estimated using 
virtual vortex method based on the cross-stream velocity measurement along the cylinder 
centerline. This difference between the current experiment and Tokumaru&Dimotakis 
(1993)’s work could result in the difference in magnitude of the lift coefficients shown 
(Figure 6.3). Another issue is that the current lift force is the total three-dimensional lift 
force exerting on the cylinder per unit of cylinder’s spanwise length, whereas the lift 
force estimated in Tokumaru&Dimotakis (1993) was actually 2D sectional force based on 
the measurement of the velocity component in the cylinder cross-section plane.  
Tokumaru&Dimotakis (1993) also mentioned that the sectional lift coefficient decreases 
towards the ends of a rotating cylinder. The current lift coefficient was averaged over the 
spanwise length of the cylinder and it is reasonable to expect it to be at smaller magnitude 
than that reported in Tokumaru&Dimotakis (1993). 
The results so far thus suggest that the Prandtl’s predicted CL,max of 4 can be 
exceeded, but there is not enough evidence to suggest whether the magnitude of CL will 
reach an asymptotic value at very large . 
The increment of the current CL (in negative direction) with increasing  is also 
expected when looking at the vorticity plot obtained from PIV measurement (for example 
at Re = 200 as shown in Figure 6.4). When  increases ( < crit), the growth of the 
positive (counter clockwise) vortex shed is greater than the growth of the negative 
vorticity shed. This results in an increase in the net positive vorticity region around the 
cylinder is dominant (as a weak negative vorticity region is still observed in the upper 
part of the cylinder) and develops with increasing . The net positive vorticity around the 
cylinder therefore increases with increasing  resulting in the increase of lift force in the 
negative direction. 
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Figure 6.4 Vorticity contour around rotating circular cylinder at Re = 200. 
The existence of the limiting CL (= 4) is proposed to be related to the existence of 
a dividing closed streamline around the rotating circular cylinder at  > 2 in Chew et al 
(1995) (Re =1000). They suggested that higher lift can only be generated if there is an 
increase in positive vortices being shed downstream with increasing , and the closed 
streamline prevents this from happening. The current PIV data also show the existence of 
a closed region around the cylinder (for example at Re = 200 and  = 4.0, 4.5 and 5 as 
seen in Figure 6.5) which bears some resemblance to the closed streamline reported in 
Chew et al (1995). However, the current streamline patterns show that the egg shaped 
region of closed streamlines around the cylinder is elongated with increasing  (Figure 
6.5) which agrees well with results reported in Stojkovic (2002) at similar Re (Re = 100 
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Figure 6.5 Streamline contour around the rotating circular cylinder at Re = 200. 
 
Stojkovic (2002) claimed that the lift coefficient for Re = 100 converges 
asymptotically towards a curve (not just a limiting value of 4 as proposed by Prandtl 
(1925)) based on the potential flow theory combined with the asymptotic approximation 
of Moore (1957) (Figure 6.6). Although Stojkovic (2002) did not point out a limiting 
value for the lift coefficient, his reported data clearly show that Prandtl’s limiting CL of 
4 is not obeyed. 
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In Figure 6.3, the current lift coefficient increasing rate slows down and is similar to 
the trend of the curve shown in Tokumaru&Dimotakis (1993). As the current experiment 
is with real flow, the three dimensional effects and Görtler or Taylor vortices in the 
closed egg-shaped region may influence the limiting CL. 
6.3 Drag coefficient 
The current drag coefficient increases with increasing  at Re = 1067, while it 
decreases with increasing  at   2 for Re =3800 ( XFigure 6.7). This trend agrees 
qualitatively with the data in Chew et al. (1995). The magnitude of drag coefficient at Re 
= 1067,  = 0 is 1.17, which is rather close to the value of 1.14 reported in Chew et al 
(1995) for Re = 1000. The present data at Re = 1067 also show reasonable quantitative 
agreement with Chew et al. (1995)’s Cd for   2. However, beyond  = 2, the difference 
between the two sets of data become significant. The current lift coefficient also shows 
some agreement with Chew et al. (1995)’s data for   2.5 and significant difference for 
 > 2.5 when the cylinder rotation increases its  dominant role in the three-dimensional 
flow structure around the cylinder (in current experiment).  
The data of Mittal&Kumar (2003) (Re = 200) and Stojkovic (2003) (Re = 100 and 
200), on the other hand, appear to form a different trend. Their Cd decreases with  and 
becomes close to zero at   4. There is a reasonable quantitative agreement between the 
data of Mittal &Kumar (2003) and Stojkovic (2003). 
The difference between the Cd of Mittal &Kumar (2003) and Stojkovic (2003) on 
one hand, and the present Cd and Chew et al. (1995)’s Cd on the other hand may be 
attributed to the large difference in Re (Re = 100 to 200 versus Re = 1000 to 3800), 
although the author is not able to offer more detailed explanation at this moment. In 
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Figure 6.5, for Re = 200 and  = 4 to 5, the present streamline plots do suggest that Cd 
should have a very small (near zero) magnitude. 
When compared with the variation of lift coefficient magnitude, the drag coefficient 
magnitude varies less significantly with . This difference shows that the effect of the 
cylinder’s rotation on the magnitude of the cylinder’s lift coefficient is much stronger 
than that on the cylinder’s drag coefficient.  
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Chew et al (1995) Re = 1000
Stojkovic (2003) Re = 100
Stojkovic (2003) Re = 200
 
Figure 6.7 Drag coefficient at different speed ratio for Re = 1067 and 3800, compared 
with literature. 
6.4 Lift to Drag ratio 
The ratio of lift to drag coefficient at Re = 1067 is plotted in Figure 6.8. The 
maximum lift to drag ratio seems to occur at   4 when the regular vortex shedding 
ceases. The current drag coefficient increases with increasing  at Re = 1067. This trend 
agrees with the data in Chew et al (1995) at Re = 1000. The magnitude of drag coefficient 
at Re = 1067,  = 0 is 1.17, which is rather close to the value of 1.14 reported in Chew et 
al (1995) for Re = 1000. 
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Figure 6.8 Lift coefficient, drag coefficient and lift-drag ratio at Re = 1067. 
When  < 3.7, the lift coefficient increases more rapidly with increasing  than the 
drag coefficient. When  > 3.7, the drag coefficient increases more rapidly than the lift 
coefficient. This results in a decrease of the lift to drag ratio as the lift coefficient 
increases more rapidly with increasing  than the drag coefficient at  > 3.7. At   3.7, 
the closed region around the cylinder develops and the closed streamlines seem to form 
the lines of demarcation in the flow field around the cylinder which might explain for the 
maximum point on the Cl/Cd curve. Chew et al (1995) claimed that at Re = 1000, the 
maximum Cl/Cd ratio occurs at   2 which is lower than the current critical  mentioned 
above. The author think that the main reason for this difference is the three dimensional 
characteristics of the current experimental flow, while the flow is purely 2D in Chew et al 
(1995)’s computation. In addition, the current PIV measurement and flow visualization 
show that the vortex shedding observed in the current experiment disappear at a higher 
rotation speed than that reported in literature (at 2.07 in Zhang&Ko (1995), Re = 200; at 2 
Chapter 6   Force measurement 
177 
in Chew et al. (1995), Re = 1000; at 2.2 in Ling&Shih (1999), Re = 1000; at 2.5 in 
Elakoury et al. (2007), Re = 300;…). However, both current experimental results and 
Chew et al. (1995)’s results seem to agree in the point that the maximum Cl/Cd ratio can 
be found around the critical value of   when the regular vortex shedding disappears. 
6.5 Concluding remarks 
In conclusion, the lift and drag coefficient are measured at Re = 1067 and 3800. The 
current data shows a quite good agreement with reported data in literature in both the 
trend of variation with increasing speed ratio and the magnitude for non- rotating cylinder. 
The lift and drag coefficient is found to increase with increasing . The lift coefficient 
increases rapidly with  when  < 3.7 and keeps increasing more slowly with  when  > 
3.7. The maximum lift to drag ratio is found around  = 3.7 where the vortex shedding 
has completely disappeared and the closed streamline region develops. Although the 
present lift coefficient can increase beyond Prandtl’s limiting CL, it does not show a trend 
to increase boundlessly with increasing . The current data seem to follow an asymptotic 
curve which should be generated based on Prandtl’s hypothesis.  
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Chapter 7     Conclusion and Recommendation 
7.1 Conclusion 
In the present project, the author has studied the flow past a rotating circular cylinder 
at different Reynolds numbers in the range of 110 to 1067, and speed ratio in the range of 
0 to 6. Different experimental methods have been used to reveal/investigate different 
aspects of the flow for both non-rotating and rotating case of the cylinder: The 
experimental methodologies used include dye flow visualization and particle tracking 
flow visualization (PTFV), hot-film measurement, particle image velocimetry (PIV) 
measurement and force measurement. The dye flow visualization provides a visual 
understanding of the flow structures and their associated parameters. PTFV appears to 
work better than dye flow visualization at high speed ratio and Reynolds number. Hot-
film measurement enables the detection of dominant vortex shedding frequency of the 
cylinder. PIV measurement gives a good quantitative analysis of velocity and vorticity 
flow field. Force measurement by a load cell attached to the experimental set up gives the 
aerodynamic forces exerting on the cylinder directly. 
The flow visualization using dye reveals the regular von Karman vortex street at low 
speed ratio ( < 2.3). The vortex street is deflected towards the cylinder rotation direction 
when the cylinder is rotating. The cylinder wake becomes narrower with increasing speed 
ratio. Some comparison with the flow image in van Dyke (1982) (for  = 0 non-rotating 
cylinder) shows that our current visualized flow picture is in good agreement with 
previously published flow visualization pictures. At high speed ratio ( > 2.6) the close 
up view around the cylinder surface shows that there is a region of dye accumulated 
Chapter 7  Conclusion and Recommendation 
179 
around the cylinder surface. The author believes that this region of accumulated dye could 
be a manifestation of the closed streamline reported at high speed ratio in Chew et al. 
(1995). Through the current flow visualization, the author does not observe the second 
instability which is reported in the literature. At high Reynolds numbers, the dye flow 
visualization becomes less clear as the dye appears more diffused. To overcome the 
difficulty of dye flow visualization at high speed ratio and Reynolds number, PTFV was 
carried out at Re = 110 (the lowest Reynolds number that the current experimental set up 
can reach) to investigate the second instability, as reported in the two-dimensional 
computation of Pralits et al (2010) (at Re = 100, 4.85    5.17) and of Stojkovic et al. 
(2002) (at Re = 100, 4.8    5.15). The results from PTFV also show the effect of the 
cylinder rotation on the inclination of the vortex shedding and the disappearance of the 
vortex shedding at high speed ratio. The PTFV flow images which cover a very large area 
around the cylinder (up to around 20D downstream of the cylinder) do not show the 
appearance of the second instability at high α reported in Pralits et al (2010) and 
Stojkovic et al (2002).  
Through hot-film measurement, the measured Strouhal number is in rather good 
agreement with literature in the case of the non-rotating cylinder. In the Re range of up to 
about 100, the trend of St-Re curve is rather similar at different speed ratio ( < 2.3). The 
Strouhal number increases with Re in the lower Re part of the Re range investigated (Re 
< 500), and from Reynolds number of 600 up to 1000, the Strouhal number seems to 
approach some sort of an asymptotic magnitude, which is higher for larger speed ratio. It 
is also found that (at constant Re) the Strouhal number increases with increasing speed 
ratio which shows that changing the speed ratio can influence the frequency at which the 
vortices are shed. 
Chapter 7  Conclusion and Recommendation 
180 
The streamwise and the spanwise structures of the flow past a rotating circular 
cylinder were investigated by PIV measurement.  
For the PIV measurement in the streamwise direction, the experiment was carried out 
at Reynolds number (Re) of 110, 206, 334, 541 and 1067 and speed ratio () in the range 
of 0 to 5. The well known von Kármán vortex street was observed at  below 2.6, when 
the negative clockwise vortex and positive counter-clockwise vortex are shed 
alternatively. With increasing Reynolds number, the shed vortices are elongated and the 
wake is slightly “straighten”. With increasing , the cylinder wake becomes narrower and 
is deflected more in the cylinder’s rotation direction (as observed in flow visualization). 
In the close region around the cylinder surface, Reynolds number does not show a 
significant effect on the vortex structure. At high speed ratio ( > 3), no vortex shedding 
is observed within the present PIV captured area. At very high speed ratio ( > 4), a 
closed streamline region is formed around the cylinder; this closed streamline region is 
elongated toward the cylinder rotation direction, forming some sort of a “tear drop” or 
“egg” shape streamline. The flow separation positions which converge at lower α 
appeared to have moved away from the cylinder surface and into the flow field. When  
increases, the positive vorticity region grows to nearly enclose the entire cylinder, while 
the negative vorticity region diminishes and almost disappears from the cylinder surface. 
This positive vorticity region close to the cylinder surface appears to get larger with 
increasing α, which is consistent with the increase in size of the closed streamline region 
observed from the streamline plot. The high vorticity region around the cylinder surface 
seems to be less dominant at higher Re, at the same speed ratio. 
At Re = 206 and 334, the author also studied the flow more closely in the  range of 4 
to 4.9 to examine whether the second instability regime reported in the literature can be 
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observed in the present experiment. In order to try to detect the second instability, the 
camera field of view (around the cylinder) was enlarged to as large as 10D x 10D, and the 
camera was shifted downstream to cover an area 10D x 10D from a distance of 8D to 18D 
downstream of the cylinder. Together with the existing results for close region around the 
cylinder (in an area of 3D x 3D), the author did not observe any indication of the claimed 
second instability. Sometimes, a randomly appearing vortex was observed downstream in 
the wake of the cylinder at high α, but its appearance is not regular. Therefore, the author 
could not confirm the existence of the reported second instability despite having spent 
much time and effort in an attempt to capture it. With all the data gathered from the 
current experiment and the 2D computation in literature so far, one possible explanation 
is that the reported second instability is a phenomenon associated with pure 2D flow. 
The spanwise PIV measurement was carried out at Reynolds number (Re) of 206, 334, 
541 and 1067 and speed ratio () in the range of 0 to 5. The results with non-rotating 
cylinder (α = 0) show mode A and mode B instability (at Re = 206 and Re = 334, 541 and 
1067, respectively), which is generally in agreement with the literature. At Re = 206 and 
  2, the spanwise instability wavelength was found to be around 1.5D, which is slightly 
longer than the wavelength of 1D for mode B instability reported in Williamson (1996). It 
seems that the rotation of the cylinder appears to reduce the magnitude of Reynolds 
number at which the transition from mode A and mode B instability occurs. A possible 
explanation for this early transition is the higher local velocity at the bottom side of the 
cylinder where the cylinder rotates at high speed and in the same direction as the free 
stream velocity, resulting in a higher local Reynolds number (Reloc > 206), which is 
already in the mode B instability Re range. However, further careful measurements are 
required to support this point. At high speed ratio, when there is no vortex shedding, 
mode B instability is still observed but with a spanwise wavelength (1.25D-1.5D) slightly 
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larger than the 1D value reported in the literature for stationary cylinder. The author 
conjectures that at high  in the current experiment, the instability that grows inside the 
positive vorticity region can be associated to the origin of this observed “mode B type” 
instability.  
By analyzing the instantaneous streamwise PIV data at Re = 206 and  = 1 within one 
cycle of vortex shedding, it is observed that at the lower side of the cylinder (where the 
local velocity is in the same direction with the free-stream velocity), the positive vortex is 
formed through the growth of a near-wall recirculating region, similar to the vortex 
formation process in flow past a stationary cylinder. At the upper side of the cylinder 
(where the local velocity is in the opposite direction to the free-stream velocity), the 
negative vortex is formed by the interaction of shed positive vortex with the shear layer as 
it is being drawn much closer to the shear layer by the rotation of the cylinder. The 
mechanism of vortex formation at Re = 206 and  = 1 is observed to be different from the 
regular Karman vortex street mechanism described in Gerrard (1966). To the best of the 
author’s knowledge, this interesting observation has not been previously reported in the 
literature. 
The lift and drag coefficient were measured at Re = 1067 and 3800. The current data 
at Re = 3800 agrees in the trend with Tokumaru & Dimotakis (1993) data at the same Re 
up to  = 3. At  = 0, the magnitude of drag coefficient at Re = 1067 is 1.17, which is 
rather close to the value 1.14 reported in Chew et al. (1995) for Re = 1000. The lift and 
drag coefficient is found to increase with increasing  at Re = 1067. This trend agrees 
with the data in Chew et al. (1995) at Re = 1000. The lift coefficient at Re = 1067 
increases rapidly with  when  < 3.7 and continue to increase albeit more slowly with  
when  > 3.7. The maximum lift to drag ratio is found around  = 3.7 where the vortex 
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shedding has completely disappeared and the closed streamline region develops around 
the cylinder surface. Although the present lift coefficient can increase beyond Prandtl’s 
limiting CL, it does not show a trend to increase boundlessly with increasing .  
7.2 Recommendation 
The existence of the second instability still needs further study. One alternative is to 
mount the camera onto a travelling mechanism which allows the camera to move at the 
same speed of the flow, changing the frame of reference of the observer. 
The measurement of forces exerting on the cylinder may also be improved if the load 
cell can be directly attached to the cylinder. This will help to reduce the noise and 
vibration induced by the rotation of the cylinder and the gear-belt system connecting to 
the stepper motor. 
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